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ABSTRACT: An in-house designed membrane process suitable for subsea
natural gas dehydration was studied. The use of a membrane absorber together
with a thermopervaporation (TPV) unit for solvent regeneration in a closed
loop enables the effective and clean production of high-pressure natural gas
close to the wellhead. This process avoids the continuous chemical injection for
preventing hydrate formation in natural gas pipelines. The regeneration of the
absorbent agent (triethylene glycol (TEG)) by TPV in the closed loop is highly
energy-efficient, owing to the unlimited free cooling energy from the cold
subsea water. In this work, the performance of membranes in TPV for TEG
regeneration was evaluated experimentally for the first time. Morphological and
permeation characterizations of an AF2400 thin-film composite membrane
were carried out, and high separation factors outperforming the vapor−liquid
equilibrium (VLE) were obtained for the solutions containing various water
contents at feed temperatures ranging from 30 to 70 °C. The highest values of a
separation factor (128,000) and a permeability (2380 (Barrer)) were obtained for the TEG solution containing 30 wt % water at 30
°C, while the highest water flux (468 (g/m2·h)) was reached at 70 °C. Moreover, the concentration polarization phenomenon
induced by the temperature gradient was revealed in the membrane’s vicinity of the feed channel. A 3D computational fluid
dynamics simulation was performed over the entire module to correct the driving force for a more precise assessment of the
membrane permeance. The temperature and concentration profiles in the membrane module domains were explored, and a good
agreement with experimental data was obtained.

1. INTRODUCTION
The lack of easily accessible natural gas resources and the
advancement of new technologies for cheaper exploration have
motivated the petroleum industries to exploit more underwater
natural gas reservoirs and subsea gas treatment.1−4 The pipeline
blockage and corrosion of installations caused by impurities in
natural gas are the main issues in gas transportation.4,5 Water
vapor is blamed for being the chief culprit in fast aging of the
installation and hydrate formation, blocking high-pressure
pipelines. Much effort is required to bring down the water
content in the high-pressure gas stream to meet the pipeline
specifications and prevent the flow assurance problems.
Currently, available dehydration technologies include adsorp-
tion (with solid desiccants such as zeolites), absorption (with
liquid desiccants such as glycols), condensation, and membrane
separation.6 Absorption with glycols is the most frequently used
technology in which the lean glycol stream absorbs water vapor
in an absorption column and then liberates it in a regeneration
unit at higher temperature.7 Among the commercially available
glycols, triethylene glycol (TEG) has been widely consumed in
the oil and gas industries as the conventional absorbent and
received the universal acceptance as the cost-effective and
economical liquid desiccant.8 Monoethylene glycol (MEG) and
diethylene glycol (DEG) were also commonly used in

dehydration processes.9 Compared to MEG and DEG, TEG
has proven superior performance with lower vapor pressure,
lower operating costs, and higher hygroscopic properties.8

Additionally, the energy consumption of the thermal regener-
ation of TEG is lower than those of MEG and DEG.
However, several critical aspects and limitations undermine

the bargaining power of the traditional absorption−desorption
units in the design of subsea processes. For instance, subsea
equipment requires a technology with small footprints, easy
installation, fewer moving parts, and compact design and
modularity,1 which are the features missing in traditional
absorption or desorption units. Surprisingly, all these are, in fact,
the main advantages of membrane-based gas separation
processes, enabling membrane technology to have the upper
hand in competing with the conventional absorption process in
subsea process design. Moreover, membrane processes usually
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need little maintenance and have less chemical emission than the
conventional technologies; hence, they are more advantageous
for subsea or unmanned offshore factories.
The SUBPRO Research Centre (Norway) has recently

developed a conceptual closed-loop membrane process for
subsea natural gas dehydration (Figure 1).10 The process is a
hybrid absorption−membrane process with combined benefits
of high compactness/modularity of the membrane process and
the high selectivity of the absorption using a TEG absorbent
agent. The closed loop also leads to less TEG emission and
methane loss. The TEG and methane loss are the main criteria
for cleaner production of dehydrated natural gas streams in
unmanned subsea facilities. The noted closed loop includes a
membrane contactor unit operating at high pressure to absorb
water from natural gas and a thermopervaporation (TPV) unit
operating at low pressure for the regeneration of the absorbents.
The feed stream has a high-pressure close to the wellhead
pressure and is saturated with water vapor at the temperature of
the gas stream, which provides the highest driving force for water
absorption, while the cold subsea water provides the cooling
energy for the TEG regeneration in TPV. The free source of low-
temperature subsea water makes the thermopervaporation unit
an economically sensible and efficient method for TEG
regeneration.
The present work focuses on the TPV step in the proposed

closed-loop process designed for subsea dehydration of natural
gas through the experimental study on the separation perform-
ance of TPV and by modeling and simulating the momentum,
heat, and mass transfer in the module.
Pervaporation has been widely applied to liquid−liquid/

vapor−liquid separation with an emphasis on alcohol/water
systems,11−21 bio-oil dehydration,22 hazardous substances and
organic solvent removal from water,23,24 solvent regeneration
from complex mixtures,25 isomer separation,26 and glycol
dehydration.27−32 The pervaporation process benefits from
the membrane selectivity in addition to the vapor−liquid
equilibrium selectivity. Only minor components (usually more
volatile) of the mixture evaporate and transfer to the permeate
side of the membrane; much less energy consumption is
required compared with VLE-based separation technologies.33

The driving force for water transport in pervaporation, i.e., the
chemical potential difference (water vapor partial pressure in
this case), is usually supplied using a continuous vacuum pump
or sweep gas. The transport mechanism in pervaporation
through polymeric membranes is the standard “solution-
diffusion” mechanism, where a nonporous selective membrane

is used.34 Although the process requires latent heat for
evaporation of a liquid mixture, pervaporation is recommended
as an energy-saving process compared to distillation operation.30

For subsea operation, however, the main disadvantage of
pervaporation is the need for continuous vacuum, which can
hardly be applied to subsea where the maintenance of vacuum at
the required level is not economically viable.35

If the chemical potential difference across the membrane in
pervaporation is induced by a temperature gradient across the
membrane, the process is then named thermally driven
pervaporation or thermopervaporation (TPV).36,37 The term
“thermopervaporation” was proposed by Aptel et al. for the first
time.37 In their work, a PTFE-PVP membrane was used in the
TPV process for the separation of organic/organic and water/
organic compounds by fractionating the positive azeotrope.
Later, Spitzen investigated the application of thermopervapora-
tion with two different configurations, i.e., direct contact and air-
gap thermopervaporation.29 In direct contact thermopervapora-
tion, the membrane is in direct contact with the cold liquid from
the downstream side, while in the air-gap thermopervaporation,
an air gap is placed between the membrane interface and a
condensing plate that is kept at low temperature using a cooling
liquid. The permeating vapors are condensed on the cooling
plate, and subsequently, the droplets are removed from the air
gap by gravity. For subsea operation, the use of TPV offers a
more useful design option than continuous vacuum pervapora-
tion. The subsea cold water as the free source of cooling energy
can be used to generate the mass transfer driving force induced
by a temperature gradient.
Concerning glycol regeneration, evaporation (e.g., distilla-

tion) is found to be a suitable technology for solutions
containing less than 70 wt % glycol.38 Beyond this value
(above 70%), energy demands increase remarkably. Membrane
pervaporation has, therefore, been of great interest as an
alternative for energy-intensive distillation processes for glycol
solutions containing glycol of above 70 wt %.38 In our previous
work on TPV modeling,39 experimental data for the model
validation was limited only to the membrane permeation
properties obtained from vacuum pervaporation testing using a
Teflon AF2400membrane. Concerning the TEG dehydration in
thermopervaporation, experimental work has seldom been
reported. Golubev et al.40 have recently reported experimental
permeation data for several hydrophilic and hydrophobic
commercial membranes in an air-gap thermopervaporation
system with a porous condenser. However, no separation factor
was reported in their study.

Figure 1. Proposed subsea natural gas dehydration process diagram.10
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There are also several other works focusing on vacuum
pervaporation, but they were for dehydration of ethylene glycol
with the major attention on membrane material development.
Poly(acrylic acid) (PAA),41,42 poly(vinyl alcohol) (PVA),43−46

polybenzimidazole,32,38 and chitosan41,42,47 have been the
frequently reported membranes used for glycol regeneration,
which are all hydrophilic. These polymeric membranes suffer
from the lack of mechanical strength and chemical stability due
to swelling in contact with aqueous solutions. Some efforts have
been spent on cross-linking the membranes to improve their
mechanical strength when swelling, but then the permeability
and flux were compromised.27,48

The compatibility and durability of the polymer in contact
with TEG are critical in membrane material selection to ensure
that the membrane is not swollen in contact with TEG and
preserves its performance under long-term subsea operation.
Thus, the present work experimentally assesses the performance
of a TPV module using a Teflon AF2400 membrane, as Teflon
AF2400 has been extensively examined by compatibility tests
with TEG regarding the TEG uptake; excellent mechanical and
chemical stability that was reported leads to minimizing the
TEG emission.39 Teflon AF2400 is a copolymer consisting of
tetrafluoro-ethylene (TFE) and 2,2-bis(trifluoromethyl)-4,5-
difluoro-1,3-dioxole (BDD) with a molar ratio of 13−87% and
has a glass transition temperature of 240 °C and a large free
volume of about 33%.49−52 TeflonAF2400 has been frequently
reported for gas separation applications.5,39,53−59 Despite the
hydrophobic nature of the glassy Teflon AF2400, the polymer
ensures high gas flux and separation factors, possibly due to its
high free volume and high molecular chain rigidity, respec-
tively.60

Several modeling and simulation studies have been carried out
on pervaporation membrane modules for various applications in
which the primary focus of the modeling strategies was
resistance-in-series mass transfer models in the membrane
phase.46 Considering the TPV process, however, the importance
of non-isothermal modeling stems from the fact that the
temperature profile plays a critical role in transporting
components through the membrane and air gap. The temper-
ature profile in the air gap is correlated with the concentration of
the component in the air gap. Therefore, an accurate model
could be useful to be integrated with the experimental study for
better characterization of the membrane performance. The
available modeling studies were performed over 2D domains;
Koter et al.61 applied the resistance-in-series model for the 2D
heat and mass transfer models to study the temperature and
concentration profiles and process performance in the
thermopervaporation process for an ethanol−water mixture.
Themodel was suggested for the temperature and concentration
profile in the air gap. The highest temperature drop was reported
to occur in the air gap, where the temperature gradient across the
air gap was 2 times higher than that of themembrane. In a similar
work, Borisov et al.62 explored the temperature and concen-
tration profile in the air gap for a binary mixture of water−
butanol in a dense poly(1-trimethylsilyl-1-propyne) (PTMSP)
membrane. The empirical model was found to be in good
agreement with experimental data, showing a dependency of the
permeate flux on the temperature profile. The coolant’s
optimum temperature was obtained where the flux and
separation factor enhanced as the feed temperature increases.
Dalane et al.39 conducted a simulation study on the performance
of the Teflon AF2400 membrane in the thermopervaporation
process for subsea dehydration of the TEG. The modeling study

was a 2D resistance-in-series simulation where the membrane
properties from a vacuum pervaporation were used to predict
the performance of TPV. It was concluded that the separation
performance is highly affected by the geometry and temperature
profile in the air gap.
In the present work, an optimized TPV membrane module

using Teflon AF2400/PP composite membranes and a TPV
testing system with automatic control and data collection were
in-house designed and installed. New experimental methods and
protocols for the TPV performance evaluation were established,
and the TPV membrane modules and processes were
experimentally studied for the first time. Moreover, an
intensively validated 3D simulation over the entire module
using computational fluid dynamics (CFD) with the finite
element method (FEM) in COMSOL Multiphysics 5.5 was
performed to investigate the average temperature of the air gap
for a more accurate calculation of water permeability. The
models have also been extended to explore the concentration
gradient in the air gap and feed channel, to determine the
“concentration polarization” phenomenon in the feed solution,
and to study the effects of the temperature and velocity profiles
in the entire membrane module.

2. EXPERIMENTS AND METHODS
2.1. Materials. Perfluorinated Teflon AF2400 was supplied

by Chemours (the Netherlands). A perfluorohexane (FC-72)
solvent was purchased from Kemi Intressen AB (Sweden).
Triethylene Glycol ReagentPlus 99% (TEG) and triethylene
glycol monomethyl ether 95% (TEGME) were purchased from
Sigma-Aldrich (Norway). All the chemicals were used as
received with no further purification. A porous polypropylene
(commercially known as PP-2400) film was kindly supplied by
Celgard LLC (USA). Table 1 lists the PP-2400 porous
membrane specification provided by the producer.

2.2. Preparation of the Teflon AF2400/Polypropylene
Composite Membrane. A solution of 1 wt % Teflon AF2400
was prepared by dissolving the weighed amount of polymer
resins in FC-72 and stirred overnight at ambient temperature to
obtain a clear and homogeneous solution. Porous polypropylene
was stretched, placed, and attached to a glass plate. The porous
PP support was sealed from the edges with adhesive aluminum
tape to avoid liquid penetration on the back side of the support.
The 1 wt % AF2400 solution was cast on the flattened
polypropylene using conventional knife casting method with an
initial knife gap of ∼220 μm. The membrane was instantly
transferred to a preheated vacuum oven adjusted at 80 °C and
isothermally dried overnight under continuous vacuum.

2.3. Membrane Characterization. A scanning electron
microscopy (SEM) instrument (Hitachi TM3030 model) was
employed to examine the cross-sectional morphology of the
membranes and provide detailed information of the porous
support structure and thickness of the dense selective layer.
Three random samples of the AF2400/PP composite
membranes were taken from different locations of the dried

Table 1. PP-2400 Porous Membrane Specification, Celgard
LLC (USA)

property value

thickness 25−30 (μm)
porosity 41%

average pore Size 0.043 (μm)

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.1c00266
Ind. Eng. Chem. Res. 2021, 60, 6262−6276

6264

pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.1c00266?rel=cite-as&ref=PDF&jav=VoR


membranes to ensure the uniformity of dense layer thickness.
The samples of the as-prepared composite membrane were
immersed in liquid nitrogen before making the cross-section
samples. The sample surfaces were coated with gold (Au) using
aQuorumQ150 ES sputter coater instrument for 120 s at 20mA
prior to the SEM imaging.
2.4. Membrane Module and Thermopervaporation

Setup. The flat sheet membrane module was designed and
fabricated in-house (Figure S3 in the Supporting Information).
The module comprises four components, namely, feed channel,
air gap, condensing plate, and cooling channel (the geometry
dimensions of the module are presented in Table S2 in the
Supporting Information). The feed channel and cooling channel
sides were made of plexiglass to mitigate the heat transfer rate
between the surrounding environment and flowing liquids. The
air gap and condensing plate were made of stainless steel to
enhance the thermally assisted driving force between the hot
feed and cooling liquid (Figure S3c−e). The module was
designed to accommodate a membrane area of 42.25 cm2. The
feed solution and cooling water flow countercurrently, parallel to
the membrane, and the liquid inlet and outlet are located
perpendicularly to the feed channel. The feed solution first
enters a gap before flowing over effective membrane length, and
then the solution flows axially over the membrane through the
channels with the dimensions of 65 × 95 × 4 mm3. The dense
selective layer of the composite membrane was faced to the feed
solution with the membrane placed between the feed channel
and air gap, supported with a metal mesh (1.0 mm thick) to
prevent sagging of the membrane into the air gap. The feed
solution is pumped upward to reduce the risk of bubble
formation in the feed channel. The 5 mm thick air-gap
framework consists of a rectangular centroid gap with a
dimension of 65 × 65 mm2 and 5 mm depth (including 1 mm
thick mesh). A triangle channel, giving a 4 mm gap, is located
downside in the air-gap framework for the removal of condensed
permeated water (Figure S3c,d). The membrane module was
sealed and placed vertically, and it was confined on all outer sides
with natural convection at room temperature (Figure S3f,g).

The flow diagram of the TPV testing rig is presented in Figure
2. The testing rig was built in-house, and it consists of the hot
side (left) and the coolant side (right) with the membrane
module connecting both sides. As seen from the figure, on the
feed side, a solution at specified water content was pumped using
a gear pump (Izmatec BVP-Z) at a flow rate of between 150 and
200 mL/min. Prior to flowing the feed solution on the
membrane, the solution was preheated using a Julabo heating
bath, bypassing the membrane module and circulating overnight
at a constant temperature in a closed system to obtain a stable
temperature and pressure at the feed solution reservoir.
Simultaneously, cooling water was supplied to the membrane
module at a flow rate of about 4 L/min using a refrigerating bath
set at 4 °C, which is close to the seawater temperature subsea.
The hot solution in the feed side flows upward, and the

cooling water in the cooling side flows countercurrently with
respect to the feed solution, as seen in the figure. Digital
transmitters were employed to control and monitor the process
parameters, including inlet and outlet temperatures and
operating pressures. The obtained data were collected every
single second using the LabView program. The average
temperature of the inlet and outlet was employed to calculate
fluid properties such as activity coefficient and vapor pressures.
The mass flow rates of the feed and cooling flow were measured
from the discharge and are listed in Table S3 in the Supporting
Information together with the measured operating conditions
for each experiment. The variation in the flow rate was due to the
varying fluid viscosity at different feed concentrations. The
permeating water condensed on the cold plate was collected
from the exit triangle channel located at the underside of the
membrane module. The total mass flux was measured
experimentally when a steady-state condition was reached. A
fresh TEG/water solution at a predetermined concentration was
always used for each experiment at specified operating
temperatures to reduce the effect of concentration change on
the feed solution in the feed reservoir during a long-term
operation. A calibrated Agilent 7820A gas chromatograph
equipped with an FID detector and CP-Wax 57 CB column was

Figure 2. Thermopervaporation membrane setup.
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employed to detect the glycol concentration in the permeated
water. TEGME was used as an internal standard to increase the
accuracy of the measurement. All samples were diluted with
water to avoid the TEG carryover. In addition, samples were
tested three times with GC for each experiment and some
experiments were selected randomly to be tested twice to assure
that the GC chromatographs are identical and not affected by
carryover of testing concentrated samples.
When steady-state conditions are achieved, the total flux j (g/

m2·h) is calculated from the following formula:

j
M
A tm

tot=
(1)

whereMtot is the total mass permeated (g) for a given time t (h)
andAm is the membrane area (m2). The flux of the ith component
is given by eq 2

j j wi i= × (2)

wi is the weight fraction of component i in the permeated mass
obtained from the GC analysis. The performance of the
membrane material was evaluated by measuring the permeance
and permeability of water component. The permeance of a
composite membrane in the thermopervaporation process is
calculated using eq 3, where the effect of driving force (partial
pressures) is eliminated from the flux for a gas component.

P
j

Mw x p yp( )AF i
i

i i i i
f

i T
2400, sat,γ

=
− (3)

PAF2400, i denotes the membrane permeance (GPU) where
1GPU = 10−6cm3 (STP) cm−2 s−1 cmHg−1,Mwi is the molecular
weight of component i (g/mol), and γi is the activity coefficient
of the ith component in feed solution, which is calculated from
the Parish model developed for the TEG/water system.63 pi

sat, f is
the vapor pressure of the ith component in the feed solution
(cmHg) obtained from the Antoine equation (for water) at
average temperature of the inlet and outlet of feed solution.64

The present work does not consider the TEG component due to
the lack of information for the correlation for the low
temperature vapor pressure of TEG. yipT is the partial pressure
of component i (water) in the air gap (cmHg), which is assumed
to be equal to the vapor pressure of i at the average temperature
of the air gap. Contrary to the vacuum pervaporation, where the
partial pressure in the permeate side is negligible, the average
temperature of the air gap is of critical importance in a
thermopervaporation operating at atmospheric pressure for
determining the partial pressure in the permeate side. Due to the
difficulty in measuring the temperature of the air gap, it was
common to assume the average temperature of the condensing
plate as the air-gap temperature. However, the use of the
temperature value of the condensing plate as the reference for
calculating the partial pressure in the air gap would oversimplify
the system. It should be noted that the use of the condensing
plate temperature simply ignores the concentration and
temperature gradient in the air gap, leading to wrong driving
forces’ assumptions at higher temperatures of the feed solution.
To correct the driving force, a 3D simulation was performed
using a COMSOL Multiphysics CFD package (Finite element
method) on the membrane module geometry. Membrane
permeability (Barrer) is calculated from eq 4. l denotes the
thickness of the dense layer considering negligible mass transfer
resistance of the porous support, where 1 Barrer = 10−10cm3

(STP) cm−1 s−1 cmHg−1.

P
lAF i

AF i
2400,

2400,=
(4)

The separation factor is given by eq 5 as follows

( )

( )

y
y

x
x

H2O
TEG

H2O
TEG

β =
(5)

where yH2O, yTEG, xH2O, and xTEG are the mole fractions of water
and TEG in the permeate and feed solution, respectively.

3. SIMULATION BASIS AND MODEL DEVELOPMENT
Themomentum, heat, andmass transfer models were developed
for the feed, cooling liquid, and air-gap phases and solved
simultaneously to extract the average temperature of the air gap
for the various experiments. The concentration profile of water
in the feed channel and air gap was also obtained. The
COMSOLMultiphysics package offers a thin-layer feature as the
2D boundary as the membrane interface (used in this study)
with no physical thickness to reduce the computational time.
This feature enables one to assign the material properties and
artificial thickness of the thin boundary layer. The detailed 3D
and 2D images of the domains are available and presented in the
Supporting Information (Figure S4). The TEG/water feed
solution contains 10 wt %, 20 wt %, 30 wt %, and 100% water.
The feed exits from the upper side of the membrane module,
where the cooling water enters on the other side downward. The
model development for all domains, module design, mesh
generation, and computational and simulation details are fully
presented in part A of the Supporting Information as Model
Development and Computational Details.
The physical properties of diffusion coefficients in TEG and

air gap, activity coefficient, vapor pressure, viscosity, heat
capacity, thermal conductivity, and enthalpy of evaporation were
all entered into the software from the available models in the
literature to be updated at each step size of the simula-
tion.39,63−66 The details of the physical properties and their
function dependencies are also presented in part A in the
Supporting Information.
Validation of the models and simulations was carried out by

comparing the estimated values with experimental data. Three
parameters of temperature, water flux, and permeability were
used for verification of the simulation study with the
experimental data. First, the experimentally measured temper-
ature of the outlet of the feed solution and the cooling water are
compared to the outlet-simulated temperature for the
mentioned streams. The reference data and predicted data of
operating conditions are presented in the Supporting
Information in Table S4, in part B.
Second, water flux is a function of temperature, and a

temperature-dependent model (Arrhenius model) was used as
the mass transfer boundary condition of the membrane phase
giving a distribution of water flux through the membrane due to
the temperature distribution on the membrane surface. The flux
models were obtained from the experimental data by regressing
the Arrhenius model on the data for each feed concentration.
The water flux model is a link between the mass transfer model
and heat transfer model; therefore, a good agreement between
experimentally measured flux and average simulated flux
through the membrane would further validate the accuracy of
the heat transfer model and temperature profile on the
membrane surface. The simulation is performed mainly to
obtain the average temperature of the air gap for permeability
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calculations. Since in a steady-state condition, the flux through
each resistance layer and membrane is equal to the overall flux,
the simple and fast assumption is to use the available Arrhenius
flux model to measure the average temperature of the air gap and
thus the permeability, provided that the simulated average flux
from the model is in good agreement with experimentally
measured flux.
Third, the estimated permeabilities after correcting the

driving force were also compared with the reported water
permeability of Teflon AF2400 in the literature. The
permeability reference data and the reported data are presented
in the Supporting Information in Table S5.

4. RESULTS AND DISCUSSION
4.1. Morphological Characterization. Figure 3 displays

the SEM image of the cross-section of the cast AF2400/PP

composite membrane. The image shows the presence of the
two-layer structure where a uniform, dense top layer
accommodated on an about 30 μm thick porous polypropylene
(PP) substrate. An average dense layer thickness of 1.6±0.2 μm
was measured, and it was assumed to be uniformly distributed
on the membrane, which was used in this study. Due to fast
evaporation of the FC-72 solvent, there is little chance for the
pore penetration in the composite membrane. No pore
penetration in the as-prepared membrane was observed in this
work according to the resolution of the obtained SEM image.
The detailed texture of the porous support can be found
elsewhere,67 where the pores are clearly seen at higher
magnification. Moreover, a defect-free selective layer was
obtained with uniform thickness.
4.2. Effect of Temperature and Concentration on TPV

Process Performance. The characterization of the H2O
transport through the membrane was performed for the binary
mixture of H2O/TEG at 10, 20, 30, and 100% water loadings by
weight. The feed temperature ranged between 30 and 70 °C.
Figure 4a presents the total permeate flux (g/m2·h) as a function
of temperature at different water loadings in the feed solution.
Note that the error bars are not visible as the magnitude of the
error bar is smaller than the symbols. As seen from the graph, the
total flux increases exponentially with the feed temperature. The
lowest flux of 15.2 (g/m2·h) was measured at 40 °C for the

solution containing 10 wt % water, whereas the highest value of
around 468 (g/m2·h) was measured at 70 °C for the solution
containing 30 wt%water. The fluxmeasurement for the solution
containing 10 wt % water at 30 °C was lower than the detection
limit; therefore, no data were obtained for this noted operating
condition. The effect of temperature on the fugacity of liquid
and vapor phases (driving force) is plotted as a function of
temperature at various water concentrations in Figure 4b. The
condensing plate temperature was used as the average
temperature of the air gap for the calculations of data. As can
be seen, the increment rate of flux at lower temperatures (below
50 °C) is slower for all solutions, and it sharply enhances at
higher temperatures. The total water fluxes of about 100 and 830
(g/m2·h) were measured for pure water at 30 and 70 °C,
respectively.
From Figure 4, an ascending trend can also be observed in the

total flux with respect to water concentration in the feed
solution. The general upward trend expresses the effect of water
concentration on the process performance, which is due to the
effect of water activity and its contribution to the driving force at
the specified water concentration. The water−TEG activity
(Table S6) calculations show that higher water activity is
achieved at a higher temperature and water loading of the feed
solution. The water activity coefficient was obtained from the
Parish model.63 With an increase in the operating feed
temperature from 30 to 70 °C, the activity coefficient enhances
from 0.9, 0.83, and 0.74 to 0.99, 0.97, and 0.89 for 30, 20, and 10
wt % water in the feed side, respectively.
The TEG concentration in the permeate wasmeasured by GC

analysis to examine the process selectivity, also known as the
separation factor. Figure 4c presents the amount of TEG in the
permeate at various temperatures. As seen from the figure, the
TEG concentration in the permeate increases as the temperature
increases in the feed side. The lowest TEG amount of around 18
ppmw was measured for 30 wt % water solution at the feed
temperature of 30 °C, while 117 ppmw was measured at 70 °C.
3-fold and 7-fold increases in TEG concentration weremeasured
in the permeate at 70 °C for feed concentrations of 20 wt % (327
ppmw) and 10 wt % water (715 ppmw) compared to 30 wt %
water (117 ppmw), respectively.
The water/TEG separation factor of the thermopervapora-

tion process is plotted in Figure 4d as a function of the
temperature and concentration of the feed solution. The highest
separation factor of above 128,000 was reached at 30 °Cwith 30
wt % water. As seen from Figure 4d, the separation factor shows
a downward trend with rising temperature and TEG
concentration on the feed side. The lowest separation factor of
∼12,600 was obtained at the highest TEG content in the feed
solution at 70 °C. The downward trend with respect to the rising
temperature and TEG concentration in the feed is attributed to
the fact that the increase in TEG driving force is more
pronounced than for water. This is possibly related to
competitive sorption on the membrane matrix at higher TEG
loadings and also due to the increment in TEG diffusion within
the free volume of Teflon AF2400 at higher temperatures. As a
comparison of the capability of the TPV process with
conventional VLE-based processes, the separation factor was
plotted together with the vapor−liquid-equilibrium (VLE)
curves. As seen in Figure 5, the TPV process shows improved
performance compared to VLE lines at all temperatures and feed
concentrations studied, revealing that the membrane provides
additional selectivity toward the water by posing a barrier effect
toward TEG molecules. To the best of the authors’ knowledge,

Figure 3. SEM cross-section micrograph of the AF2400/PP composite
membrane.
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no experimental data were reported for TEG dehydration via
TPV to allow for comparison with this work.
As noted in the modeling section, the temperature depend-

ency of the total flux can be regressed andmodeled in the form of
the Arrhenius model.68,69 The model parameters are presented
in Table 2, where j0 is the pre-exponential factor (g/m

2·s) and Ej
is the apparent activation energy of the flux. The regressed
model parameters are then used as a flux boundary condition of
the membrane and evaporation enthalpy calculations in the air
gap (as presented in detail in the modeling section in the
Supporting Information). The use of the temperature-depend-

ency model of the flux as the membrane boundary condition in
the simulation study would enable one to see the concentration-
temperature polarization in the feed channel. The natural
logarithm of the flux versus reciprocal of temperature (1/K) was
plotted and is displayed in Figure 6. The least-squares error
method was applied to obtain the best fit where the coefficient of
determinations of above 98% was obtained for all of the
concentrations. Concerning the flux activation energy, the least
energy barrier of 47 (kJ/mol) was estimated for pure water. The
results show that the estimated values for the apparent activation
energy were enhanced by 10.8, 21.3, and 52.2% for 30, 20, and
10 wt % water of the feed solution, respectively, possibly due to
the competitive transport of water molecules between the
membrane and the thick liquid boundary layer at higher TEG
concentration.

4.3. Effect of Temperature and Concentration on
Membrane Performance. The effect of temperature and
concentration on the separation performance could be examined
from two aspects: the process performance and membrane
material performance.70 The effect of temperature and
concentration on the process performance is associated with

Figure 4. (a) Total flux, (b) driving force, (c) TEG concentration in the permeate, and (d) separation factor (H2O/TEG) in the TPV process as a
function of temperature at various concentrations in feed solutions.

Figure 5. Separation factor of the TPV process for TEG recovery
compared to VLE-based processes. The dash lines are the VLE lines
obtained from Aspen plus software.

Table 2. Temperature-Dependency Parameters of the Water
Flux in the Form of the Arrhenius Model

feed concentration lnj0(g/m
2·s) Ej (kJ/mol) R2

pure H2O 15.43 47.9 99.6
30 wt % H2O 16.72 53.1 98.3
20 wt % H2O 17.97 58.1 98.5
10 wt % H2O 22.53 72.9 99.7
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the change of the driving force, which is largely dependent on
both temperature and concentration. The effect on membrane
permeability in nonporous membranes is usually determined
from the solubility and diffusivity of the gas in the polymer
matrix,68,71 following the “solution-diffusion” mechanism when
assuming a negligible concentration polarization effect.34 The
presence of water vapor would alter the noted transport
mechanism due to the polymeric membrane swelling and
consequently increasing molecular diffusion across the mem-
brane. However, the use of a highly hydrophobic glassy
membrane, such as Teflon AF2400 in this study, where the
swelling is not the main concern, would allow the solution-
diffusion mechanism despite the presence of water in the
separation system.
In a pervaporation process, the calculation of the permeability

coefficient requires an accurate estimation of the feed side and
downside temperature to identify the real driving force of the
permeation process. In vacuum pervaporation, determining the
partial pressure in the downside is straightforward since the total
pressure is known.34 However, in a thermally driven TPV
process, one should take a wise precaution to determine the right
partial pressure in the permeate side when an air gap is present.
Several works have been reported regarding the separation of
binary components by TPV.35,36,72 However, due to difficulties
in experimentally determining the average temperature of the air

gap, the temperature used for the calculation of the partial
pressure in the air gap is not clearly reported. In the present
work, the water permeance of the membrane was estimated
using both the average temperature at the condensing plate (by
experiments) and the average temperature of the air gap (by
simulation). The condensing plate temperature was assumed to
equal to the average temperature of the cooling liquid in the inlet
and outlet streams. The air-gap space was at the temperature of
the condensing plate; therefore, it is saturated with water vapor,
and the partial pressure of the air gap was calculated from the
water vapor pressure. The membrane permeance calculated at
the temperature of the condensing plate as a function of
temperature and concentration is displayed in Figure 7a. The
H2O permeabilities of the membrane were calculated and are
presented in Table S5, assuming negligible resistance in the
porous support for small molecules. As seen from the figure, the
water permeance increases slightly for all the feed concen-
trations and then is flattened at 50−60 °C before a drop at 70 °C
(pure water, 30, and 20 wt % water). The highest value of the
permeance was found around 1360GPU at 60 °C for pure water.
The permeance in the case of pure water seems to be stable in
the entire temperature range. The permeance deviation for 30 wt
% water feed solution is in the range of 100 GPU. The stable
permeance at variable temperature is an indication for the equal
increment in the flux and driving force for each experiment.
Moreover, the H2O permeability of pure water starts from
∼2000 Barrer at 30 °C and fluctuates around 2050 Barrer for all
of the feed temperatures. A similar trend is observed for 30 and
20 wt % water solutions. According to a producer,54 at room
temperature, the H2O permeability of Teflon AF2400 is around
4000 Barrer. However, the producer did not provide detailed
information on the experiment conditions and film preparation
method. Ansaloni et al. measured the H2O permeability of a self-
standing Teflon AF2400 membrane in a vacuum pervaporation
module at various temperatures,54 and its H2O permeability was
around 3900 Barrer at room temperature. It was also found that
the water permeability of the membrane shows a downward
trend with increasing temperature. Dalane et al. reported the
water permeability of about 2800 Barrer at 30 °C in a vacuum
pervaporation study, but for a composite Teflon AF2400/
Polypropylene membrane,39 surprisingly, it showed a downward
trend with increasing temperature.
The difference in the intrinsic membrane permeation results

obtained in this work and between the literature values can be

Figure 6. Natural logarithm of the H2O flux versus the reciprocal of
temperature.

Figure 7. H2O permeance in the AF2400/PP membrane as a function of feed temperature and concentration. (a) The air-gap partial pressure was
calculated at the temperature of the condensing plate, and (b) the air-gap partial pressure was calculated at the average temperature of the air gap.
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related to the difficulties in accurately measuring the temper-
ature within the air gap. Therefore, in this work, a 3D simulation
has been employed over the entire membrane module to
estimate the average temperature of the air gap to minimize the
uncertainty. Another solution is to use simulation tools to find
the temperature profile in the boundary layer in the air gap close
to the membrane phase. However, the calculation of partial
pressure of water in the boundary layer according to the
obtained temperature profile requires precise values of relative
humidity at the temperature of the boundary layer in the air gap.
Figure 8a shows the overall 3D-simulated temperature profile of
the air gap for the 30 wt %water solution at 70 °C, as an example.
The temperature profile in the air gap reveals a sharp
temperature drop within the 5 mm gap between the hot surface
of the membrane (around 68 °C) and the cooling plate (about 4
°C).
The average temperature value of the air-gap domain was

derived from the simulation study by integrating the temper-
ature over the volume of the air gap and plotted as a function of
the feed solution temperature and concentration (Figure 8b). It
is evident to claim that the air-gap temperature increases as the
feed temperature increases. However, the larger temperature
drop between the feed solution and the average temperature of
the air gap was obtained at a higher feed temperature. The
highest air-gap temperature (>30 °C) was estimated for the feed
solutions with an inlet temperature of about 70 °C, whereas the
lowest air-gap temperature (16.8 °C) was obtained for the 30 °C
case. The general trend of the air-gap temperature as a function
of the feed concentration shows that the air-gap temperature is
slightly higher for pure water and reduces as the concentration of
TEG increases in the feed solution. The negligible effect of
concentration on the air-gap temperature is due to the difference
in the thermal conductivity and heat capacity of the solution and
the evaporation enthalpy in the gap, which is dependent on the
water flux value. It should be noted that the variation in the air-
gap temperature seen from the figure for the concentrated feed
solutions could be attributed to the variation in the measured
inlet temperature, temperature drop along the membrane, and
experimental and simulation errors.
The corrected air-gap temperature was used for the

calculations of partial pressures in the permeate side, and the
water permeances were re-evaluated and plotted as a function of
feed concentration and temperature (Figure 7b). The higher

average temperature obtained for the air gap reduced the driving
force value present in the permeation calculation, therefore
increasing the H2O permeance values; thus, a downward trend
was observed, similar to that in the literature. The obtained H2O
permeabilities (Table S5 in the Supporting Information) were in
good agreement with the reported values by Dalane et al.39

Compared to the H2O permeability reported by the producer
and Ansaloni et al.54 (3900−4000 Barrer at 25 °C for self-
standing membranes), a 10−15% permeability drop was
observed (3000 Barrer at 30 °C), which could be attributed to
the variation in the thickness and resistance in the porous
polypropylene (43 nm pore size and 41% porosity). In addition,
the casting method and annealing history in membrane
preparation were also reported to be possible reasons for the
differences in the permeability values.73

As seen from the figure, the water permeance of around 1850
GPUwas measured for the pure water at 30 °C, and it reduces to
about 1570 GPU when the feed temperature increases to 70 °C.
A similar trend was observed for all of the experiments,
indicating that the enhancement of the flux is smaller than the
driving force increment as temperature increases. Despite the
hydrophobic nature of the polymer, the permeability of the high
free volume glassy Teflon AF2400 is dominated by solubility,
where the effect of temperature on the sorption coefficient is
more pronounced than the temperature effect on the diffusion
coefficient.39,54 The effect of the temperature on permeability is
attributed to the very small activation energy of diffusion
compared to the enthalpy of sorption.10,49,74 A similar trend is
observed in microporous materials, Teflon AF2400 and
PTMSP, for small molecules such as CO2. The diffusive jump
for small molecules is not hindered by the glassy nature of the
polymer due to higher free volume, and for more condensable
gases than CO2, the solubility is affected to a larger extent
compared to diffusivity in large free volumes.
An additional permeance drop was determined where the

binary H2O/TEG mixture was used as the feed solution. The
H2O permeances of 1437, 1208, and 1141 GPU were measured
at 40 °C and reduced to the values of 1142, 904, and 911GPU at
70 °C, for 30, 20 and 10 wt % water, respectively. The
permeance drop is mainly attributed to the competitive
adsorption, and also, the calculation simplifications where the
additional resistance in the liquid boundary layer and viscous

Figure 8. (a) Simulated 3D temperature profile in the air gap and (b) the simulated average temperature of the air gap as a function of feed temperature
and concentration
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TEG solution at higher TEG concentrations are against the easy
transport of the water.
4.4. Temperature Profile in the Membrane Module.

The temperature profiles in the membrane module are
presented for all domains and boundaries in Figure 9. The
temperature drops along the membrane in the TPV process, and
the heat loss necessitates the study of the temperature profiles in
the membrane module. The importance of investigating the
temperature profile in a non-isothermal TPV process stems from
the fact that the water flux is a function of temperature, and it
couples mass transfer with the heat transfer. The flux varies at
different locations of the module, and the concentrations of the
components, therefore, undergo changes due to variation in
temperature at different coordinates. The effect of concen-
tration−temperature dependency on the performance will be
strong and more pronounced in a large-scale process, which
should not be oversimplified by a process designer.
Figure 9 illustrates the temperature profile in the entire

module in 2D and 3D views simulated for 30 wt %water solution
at about 70 °C. As seen from the figures, the feed temperature
undergoes a temperature drop for all experiments. The
simulated temperature in the outlet feed stream is in good
agreement with the experimentally measured outlet temperature
data of the feed solution (Table S4). Similarly, a good agreement
was also obtained for the temperature of the outlet cooling
liquid. The temperature profile along the membrane shows that
the use of plexiglass has successfully prevented the heat loss
from/to external convection. Themodule body temperature was
dominated by the coolant temperature initially set before
feeding the solution.

The condensing plates are an important domain in the TPV
process to ensure the maximum driving force for separation
(Figure 9c). The use of stainless steel improves the heat transfer
between the cooling liquid and the air gap. As seen from the
figure, the regions on the plate facing the gas phase of the air gap
have the lowest temperature close to the cooling liquid
temperature, and the regions on the condensing plate that was
in direct contact with the metallic framework of the air gap on
the upside and downside were affected by the hot feed
temperature in the entrance and exit of the feed channel. Figure
9d displays the 1D distribution of the temperature on the surface
of the condensing plate facing the entire air gap. It is evident that
the highest temperature drop occurs in the axial centerline of the
cooling plate (blue line), and the temperature is kept at its
lowest, covering the entire gas phase of the air gap. The
temperature sharply increases in the axial centerline of the
module at the point where the air-gap metallic frameworks are
located between the condensing plate and the hot temperature
in the exit of the feed channel. On the axial edge of the
condensing plate (green line), however, the temperature drop is
not significant compared to the centerline due to the presence of
natural convection. The temperature profile on the condensing
plate inside the air gap ensures the good design of the membrane
module. The 1D-simulated temperature profiles indicate that
the energy transfer is limited in the air gap due to the heat
resistance layer provided by the stagnant air. This valuable
information would further help to improve and optimize the
module design for large-scale applications.
The TPV experiments were performed in the laboratory at an

average temperature of 23 °C. The heat flux distribution around
the surfaces is presented in the Supporting Information (Figure

Figure 9. Temperature profiles in the TPV membrane module: (a) 2D cross-sectional image of the temperature profile of the feed fluid and channel,
(b) 3D image of the temperature profile of the feed fluid and channel, (c) 3D temperature profile of the condensing plate, and (d) 1D temperature
profile of the condensing plate surface in the air gap (the blue line stands for the axial centerline (at x = 0) of themodule and the green line stands for the
axial edge of the condensing plate at x = width of the module).
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S6). It should be noted that subsea facilities are insulated, where
cross heaters are used to keep the whole process at a designed
temperature, such as around 30 °C, which is the temperature of
the closed loop.5,10

4.5. Water Concentration Profiles and Their Effects on
Water Flux. The distribution of the water concentration in the
feed channel and water vapor in the air gap was investigated. The
mass transfer mechanism in the feed channel is governed by
convection and diffusion in bulk followed by diffusion in the
liquid boundary layer and diffusion in the membrane phase (eq
S.23 in the Supporting Information). The permeated water
evaporates from the membrane surface and then diffuses
through the stagnant air gap, condensing finally on the cooling
plate. Figure 10a presents the cross-sectional mass fraction

profile in the center of the membrane module (symmetry
condition) on the feed side. As seen from the figure, the water
mass fraction reduces as the fluid flows forward, and the TEG
concentration starts to grow and accumulate axially in the
vicinity of the membrane surface. The rich-TEG boundary layer

could be an indication of the well-known “concentration
polarization” phenomenon induced by the temperature gradient
across the membrane, which is frequently reported in membrane
pervaporation. The undesired concentration polarization creates
an additional mass transfer resistance toward water, competing
with the membrane resistance. Despite the negligible concen-
tration drop in the membrane module for a small area, this study
shows that the presence of a TEG-rich boundary layer would be
a critical issue for scaling-up the TPV process for TEG
regeneration; a larger concentration drop is expected for a
large-scale membrane module. The installation of a turbulence
promoter in the feed channel may benefit the mass distribution
in large-scale modules, as it prevents the formation of dead zones
close to the walls, improves back mixing, and also increases the
residence time of the fluid on the membrane surface. It should
also be noted that the negligible concentration drops along the
membrane ensure a small concentration change in the feed
liquid reservoir during the operating time in the present
experimental work.
Figure 10b illustrates the water vapor concentration profile

inside the air gap. The maximum concentration of water around
1.7 mol/m3 was achieved in the air gap close to the membrane
surface for 30 wt % water feed solution at 70 °C. The gradient of
the concentration is visible, and the lowest value of about 0.4
mol/m3 was measured on the condensing plate. The
concentration of the water on the condensing plate was
calculated from the Antoine model. The average concentration
of the air gap is presented for all of the experiments in Table S4.
It is evident to claim that a higher concentration is obtained at a
higher water flux permeating through the membrane, which is in
the case of pure water in this study.
To further verify the temperature model and validate it with

experimental data, the flux distribution on a hypothetical cut
plane located at a 1 μm distance from the membrane inside the
air gap was evaluated and illustrated in Figure 11. The fluxmodel
is a temperature-dependent model. The average of the flux
vectors was calculated. The good agreement between the
experimental flux and the estimated average flux for each
experiment reveals the high accuracy of the temperature profile

Figure 10. (a) 2DH2Omass fraction profile of the water in the center of
the membrane module in the feed channel and (b) the 2D
concentration profile of the water in the air gap.

Figure 11. (a) Distribution of the flux on a hypothetical cut plane placed at 1 μm distant from the membrane in the air gap, and (b) H2O flux as a
function of temperature; filled symbols are experimental data, and crossed symbols are simulated data.
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on the membrane surface. The highest values of the flux
transported across the membrane occur in the regions close to
the center of the module (axial centerline) due to the higher
temperatures compared to the edges. The simulated water fluxes
on the cut plane (average) plotted against the experimental data
for each experiment are presented in Figure 11b, showing
excellent agreement with the experimental results. A few minor
differences could be due to the errors in the temperature
gradient on the membrane surface, the assumptions for the
probable liquid formation on the condensing plate, and from the
regressed model of experimental flux data used as the boundary
condition.

5. CONCLUSIONS
The present work developed a TPV process for TEG
regeneration in a closed absorption/desorption loop for subsea
natural gas dehydration. The Teflon AF2400 membrane was
found to be a promising candidate for the TPV process due to its
high water flux and excellent durability in TEG. The separation
performance of the Teflon AF2400 confirms that the sorption is
the dominating transport mechanism, and a higher temperature
ensures a higher flux at the expense of the separation factor.
The effect of operating process conditions on the separation

performance of the process and membrane material was
experimentally evaluated for the first time. The entire membrane
geometry was studied by 3DCFDmathematical simulation. The
driving force was corrected according to the simulated average
temperature of the air gap to fit with the experimental data of
membrane permeance and permeabilities; the simulation results
provided better vision to determine the “concentration-
polarization” phenomenon induced by temperature gradients.
High separation factors were obtained for all feed solution

concentrations at the studied operating temperatures, out-
performing the VLE-based processes. A separation factor of
above 128,000 for the feed containing 30 wt % water at 30 °C,
which is higher than the VLE curve under similar conditions,
indicates that the membrane provides additional positive
selectivity toward H2O. A water mole fraction of above
99.98% in the permeate was obtained, which would allow
discharging the removed water to the seawater.
The temperature profile on the condensing plate facing the air

gap reveals that the energy transfer from the hot fluid to the cold
fluid is limited by the resistance of the air in the air-gap space.
Moreover, the highest temperature drop between the feed
solution and the average temperature of the air gap was found for
the solution at 70 °C. A good agreement was observed between
experimental and simulation for the outlet temperatures and
water flux, validating the simulation study. The corrected
permeabilities based on the simulated average temperature of
the air gap were in good accordance with the reported literature
data.
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■ NOMENCLATURE
Am membrane area (m2)
A, B, C constants
IH2O, SH2O, ATEG, STEG Nakanishi parameters
Ci concentration of component i (mol/m3)
Cp heat capacity of the fluid (J/kg·K)
Di

f Fickian diffusion coefficient of i (m2/s)
Dij

f Fickian diffusion coefficient of i in j (m2/
s)

Di
T thermal diffusion of component i (m2/s)

DH2O/air diffusion of H2O in air (m2/s)
DH2O/TEG diffusion of H2O in TEG (m2/s)
Ej activation energy (j/mol)
F body force (N)
g gravitational acceleration (m/s2)
h convective heat transfer coefficient (W/

(m2·K))
Hf height of the feed channel (m), in the x

direction
J molar flux (mol/m2·s)
Ji molar flux of component i (mol/m2·s)
j mass flux (g/m2·h)
ji mass flux of component i (g/m2·h)
j0 Pre-exponential factor (g/m2·h)
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l membrane dense layer thickness (m)

Lf
length of the feed channel in the z
direction (m)

Mwi molecular weight of component i (kg/
kmol)

Mn mean molar mass of components (kg/
kmol)

Mtot total mass (g)
p pressure (Pa)
pT total pressure in the air gap (atmos-

pheric pressure) (cmHg)
pi
sat, f vapor pressure (cmHg)
PAF2400, i permeance (GPU)

AF i2400, permeability (Barrer)

Pr Prandtl number
Q heat source (W/m3)
q conductive heat flux (J/m2·s)
R gas constant (J/mol·K)
Ra Rayleigh number
Ri inner radii of pipes (m)
Ro outer radii of pipes (m)
ri″ reaction term (mol/m3·s)
r radial coordinate
T temperature (K in models/°C in tables)
Tr residual temperature
Tc critical temperature (k)
Text external temperature (k in models/°C in

tables)
t time (h)
wi mass fraction of component i in the

liquid phase
Wf width of the feed channel in y direction

(m)
xi mole fraction of component i in the

liquid phase
yi mole fraction of component i in the

vapor/gas phase
x,y,z Cartesian coordinate

Greek Letters
α derivative from the Gibbs−Duhem equa-

tion
μTEG viscosity (cp) in the Nakanishi model
μTEG/H2O viscosity of TEG/H2O (Kg/ms)
γi activity coefficient of the ith component
β separation factor
∇ gradient operator
ρ density (kg/m3)
ρTEG density of TEG/H2O (kg/m3)
v (vz, vx, vy, and vr) velocity vector (m/s)
τ stress tensor (kg/ms2)
∇p pressure gradient (Pa)
λf, c thermal conductivity (W/m·K)
λH2O/TEG thermal conductivity of TEG/H2O (W/m·

K)
ωi mass fraction of the ith component
ΔHevp enthalpy of evaporation (J/mol)
Ωγ constant

Superscripts, Subscripts, and Acronyms
2D two dimensional
3D three dimensional
f, c, w, t feed, cooling fluid ,wall, and tube, respectively.
ss, tube stainless steel and tube

f, inlet feed and inlet
c, inlet coolant and inlet
m membrane
AG air gap
FEM finite element method
evp evaporation
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